A control system for an internal combustion engine can include a fuel molecular weight sensor to determine an actual and a desired Excess Air Ratio for an air/fuel mixture supplied to the engine. To prevent engine overload, the control system limits the amount of fuel delivered to the engine based on the amount of air available to the engine. High pressure exhaust gas can drive an air compressor which pressurizes inlet air. A exhaust bypass valve controls the amount of power delivered to the compressor, and the pressure and amount of inlet air delivered to the engine. Independent control of the main fuel flow and pilot fuel flow allows the control system to maintain a desired air/fuel ratio in the main combustion chamber and in the precombustion chamber. The present invention relates generally to a control system for an internal combustion engine, and more particularly to a control System for a fuel injected, natural gas engine designed to protect the engine, allow the engine to be started, control the engine speed, and maintain desired exhaust emission levels.
Description of the Related Art
Various methods for electronically controlling the opera tion of internal combustion engines are known in the art. For example, many automotive engines utilize electronic control Systems to control various engine operating parameters, such as fuel flow rate and air/fuel ratio. The control system will often utilize sensors to monitor engine operating con ditions and will output electronic signals to control the operation of the engine according to a control process.
A typical control system may include an exhaust gas oxygen sensor, for example, to provide feedback to the control system for adapting the engine's air/fuel ratio to a desired value, such as the stoichiometric air/fuel ratio. At the stoichiometric air/fuel ratio, all the air in the combustion chambers completely oxidizes all of the injected fuel during combustion, leaving no oxygen in the exhaust gasses. The amount of oxygen in the exhaust, therefore, can provide an indication as to the relationship between the actual air/fuel ratio supplied to the engine and a desired air/fuel ratio such as the stoichiometric air/fuel ratio.
Electronic control systems have also included fuel control systems to meter the amount of fuel delivered to the engine over a range of operating conditions. Typically, a fuel control system, or "governor," will generate a fuel command signal indicative of the rate at which fuel is to be delivered to the engine to maintain the actual engine speed at a desired engine speed. The actual and desired engine speeds can be monitored by sensors, such as an engine speed sensor and a throttle sensor.
Prior engine control systems have encountered problems in controlling engine operating parameters, however, because they have often included an independent fuel and air/fuel ratio controller. In this type of control system, the fuel flow is set based on desired engine speed and the air/fuel ratio is set independently according to a predetermined value. Such control logic fails to protect the engine from receiving an unacceptably rich air/fuel mixture when there is insufficient air available at the intake, since the fuel level is Set independently of the air/fuel ratio. This can occur, for example, when a step load is applied to the engine.
Furthermore, natural gas engines have encountered prob lems in operation when the natural gas supplied to the engine is not of uniform molecular weight. Because the molecular weight of natural gas is correlated to its energy content, the operation of a natural gas engine will vary considerably depending on the molecular weight of the natural gas being used. In engines which do not account for fuel molecular weight, when "hot' fuel, which has a high energy content and high molecular weight, is injected into the engine, the engine immediately receives a rich air/fuel mixture because the fuel gas has a high energy to volume ratio and the intake manifold pressure remains constant.
A rich air/fuel mixture can increase the possibility of detonation, or engine knock, especially with a high engine rich air/fuel ratio can result in high emissions of nitrogen oxides. At a minimum, therefore, the engine's exhaust emissions will vary considerably, possibly causing the engine to be out of compliance with government emission regulations.
Independent governor and air/fuel ratio controllers also require additional logic for starting and do not protect the engine from overload. Prior engines, for example, have controlled fuel pressure during starting using a simple ramp function which can cause flooding unless additional control logic is provided to adapt the ramp according to ambient conditions such as air temperature and fuel temperature.
Prior engines have also suffered from defects relating to a single controller of pilot and main fuel flow rates. Engines with large combustion chambers, for example those which burn natural gas, often include a precombustion chamber in which a small quantity of gas is ignited and subsequently directed into a main combustion chamber. The ignited gas covers a much larger volume than a spark from a single spark plug, and can therefore ignite the fuel in the main combustion chamber much more rapidly. If the air/fuel ratio in the precombustion chamber is near the stoichiometric airlfuel ratio, ignition of the fuel occurs most rapidly. However, many engines utilize a single fuel flow controller to inject fuel into the main combustion chamber and the precombustion chamber. Thus, when the air/fuel ratio in the main combustion chamber is rich, the air/fuel ratio in the precombustion chamber will also be rich. Consequently, rapid burning is inhibited because the air/fuel ratio in the precombustion chamber is considerably in excess of the stoichiometric air/fuel ratio. Further, because excess pilot fuel is delivered to the precombustion chamber, fuel con Sumption has been greater than necessary.
U.S. patent application Ser. No. 08/312,919 entitled "Swirl Flow Precombustion Chamber' and filed concur rently herewith discloses a combustion system including a precombustion chamber that may be used with the present invention. The subject matter of the copending application is incorporated herein by reference.
SUMMARY
It is an object of the present invention to provide an engine control system and method capable of improving starting performance, fuel consumption, load carrying capa bility, speed governing performance, and exhaust emission control.
The control system and method according to exemplary embodiments of the present invention solves the problems of an independent fuel and airlfuel ratio controller by integrat ing the two systems into one. The control system limits the amount of fuel delivered to the engine based upon the air available to the engine, thus preventing the air/fuel ratio from becoming unacceptably rich. When there is sufficient air available, the governor control loop takes over and controls the engine speed. The system is therefore able to effectively protect the engine from overfueling, for example during starting.
According to an exemplary embodiment of the present invention, an exhaust bypass valve (or "wastegate') can also be provided to direct a desired amount of exhaust gas to bypass a turbine which drives an inlet air compressor. The compressor pressurizes inlet air to the extent necessary to achieve a desired air/fuel ratio or excess air ratio (EAR).
It is a further object of the invention to provide an engine control system and method which adjusts operation of the 5,622,053 3 engine according to fuel quality, which is preferably mea sured with a fuel molecular weight sensor. The fuel molecu lar weight sensor measures the molecular weight of the fuel by measuring the speed of a wave propagated through a gaseous sample of the fuel. Because the molecular weight of the gas is correlated to its energy content or heating value, the control system can utilize the natural gas molecular weight sensor to compensate for changing natural gas fuel quality, thus preventing damaging detonation with high heating value fuels.
It is a further object of the invention to provide a control System and method which includes an alarm and trip system to alert the user to engine anomalies and to shut down the engine in appropriate circumstances.
It is a further object of the invention to provide a control System and method which independently controls a main fuel flow rate delivered to a main combustion chamber and a pilot fuel flow rate delivered to a precombustion chamber. The invention thus improves the starting performance, fuel consumption, load carrying capability and speed gov erning performance of a natural gas engine. It also controls exhaust emissions over a wider range of operating condi tions than has been possible in prior engines. The control system provides improved engine protection over other control systems by utilizing a natural gas molecular weight Sensor along with additional instrumentation to measure and compensate for varying conditions.
BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing and other objects, features and advantages of the present invention will be more readily understood 1 may include a main computer or processor 15 that can be controlled by one or more programs. System software for the computer 15 can be designed to allow an engine to safely respond to a given load while maintaining desired emission levels and achieving low fuel consumption. The system software can also control Safety shutdowns and alarms which are measured and moni tored by the control system 10. The control system 10 can be implemented as a modular, integrated system which safely allows the engine to meet an applied load while controlling emission levels. A modular system can utilize connectors on all control system ele ments, such as sensors and actuators, which can be con nected to the control unit 20 with wiring harnesses, for example. The control unit 20 preferably includes 32 digital inputs, 16 analog inputs, 24 thermocouple inputs, 16 digital outputs, 6 analog outputs, 2 RS-232 Serial Communication Ports, a 24-volt power supply, and a Flexnet port.
A modular design of the system allows simple diagnostics and replacement of components and modules in the field with minimal down time. These components and modules can be stocked in warehouses so as to be readily available to a user. The components and modules can be pre-tested and calibrated to achieve a high degree of reliability.
FIG. 3 shows a fuel system according to an exemplary embodiment of the present invention. As fuel, air and exhaust systems function similarly on many natural gas engines, the control system according to the present inven tion can be applied to a variety of engines with only minor modifications.
In FIG. 3, fuel can be supplied to the engine through a pressure regulator 26 which is preferably set at 45 to 50 PSIG. The fuel flows through a bubble-tight shutoff valve 28 which can be controlled by the control system 10. The fuel flow is preferably split into three sections. The first section meters the main fuel flow to the main combustion chambers of the engine. The second section meters the pilot fuel flow to the precombustion chambers of the engine. The third Section supplies a small amount of fuel to a fuel molecular weight sensor 30 according to an exemplary embodiment.
Main fuel flow can be measured using an orifice run 38. As shown in FIG. 3 , the main gas flows through the precision orifice 38 located between a main fuel valve 44 and a main fuel header 42. The main fuel valve 44 is preferably an electric-pneumatic pressure regulator which includes a piloted pressure regulator 43 and a current to pressure transducer 41. As the fuel flows through the orifice 38, a pressure drop across the orifice 38 is created. The upstream orifice gas pressure and the pressure difference across the orifice 38 can be measured by pressure transduc ers 32 and 33, respectively. The gas temperature and the gas specific gravity can also be measured, and the gas specific heat ratio can be calculated. The mass flow rate of gas can then be computed using an orifice flow equation. The metering orifice 38 can preferably be sized to produce a 4 psi differential pressure across the orifice at 110% load and 1200 RPM with pipeline quality fuel.
Pilot fuel flow can also be measured using an orifice run 36. As shown in the fuel system diagram of FIG. 3 , the pilot gas flows through a precision orifice 36 located between the pilot fuel valve 46 and the pilot fuel header 48. The pilot fuel valve 46 is preferably an electric-pneumatic pressure regu lator which includes a piloted pressure regulator 47 and a current to pressure transducer 45. As the fuel flows through the orifice 36, a pressure drop across the orifice 36 is created. The upstream orifice gas pressure and the pressure differ ence across the orifice 36 can be measured by pressure transducers 34 and 35, respectively. The gas temperature and the gas specific gravity can also be measured, and the gas specific heat ratio can be calculated. The mass flow rate of gas can then be computed using an orifice flow equation. The metering orifice 36 can preferably be sized to produce a 4 psi differential pressure across the orifice at 110% load and 1200 RPM with pipeline quality fuel. and 56 where the high-pressure air can be cooled by the intercooler water to preferably 140 degrees Fahrenheit. The air exits the two intercoolers into a common plenum 58. The air inlet port 59 for each cylinder head may be connected to the plenum 58 through a rubber bushing. Each cylinder head has two inlet valves, through which valves the air then flows into the cylinders.
The exhaust system preferably functions as follows. The exhaust gas flows out of each cylinder head through exhaust ports 61 and collects in a water-cooled, constant-pressure exhaust manifold 60. The hot, high-pressure exhaust gas flows into a radial flow exhaust turbine 62 of the turbo charger 50. This high pressure hot exhaust drives the turbine 62, which then drives the air compressor 52 to compress the inlet air. The amount of air delivered to the engine can be controlled by bypassing some of the hot, high-pressure exhaust gas around the turbine 62. This bypass slows the rotation of the turbine, thus reducing the air manifold pressure, which reduces the air flowing to the engine. The exhaust bypass valve (wastegate) 66 can be abutterfly valve controlled by an electric-pneumatic actuator 68, The waste gate actuator 68 can control the air/fuel ratio of the engine. The bypassed exhaust gas and the low-pressure gas leaving the turbine 62 collect in an exhaust pipe 70, where sensor 72 can measure oxygen content before the exhaust flows out of a stack.
Engine combustion air flow can be measured using what is commonly known as a speed-density routine. According to this exemplary method, the engine can be visualized as a positive displacement air pump. A fixed volume of air flows through the engine for every two revolutions of the crank shaft. The efficiency of the air pump can be defined by the engine's volumetric efficiency which is defined as the ratio of the volume of the gaseous mixture inducted into the engine to the piston displacement. The volume flow rate of air through the engine therefore equals: ordinary skill in the art. The control system 10 can utilize the main processor 15 which can be a computer and system software to control the engine, start and stop sequencing, fuel quality compensation, trips, and alarms. The control of the engine can be broken down into speed governing, air/fuel ratio control, ignition timing control, main fuel flow control, and pilot fuel flow control.
The control system 10 preferably governs speed through an electronic, integrated system without the need for a separate mechanical governor. Engine speed (RPM) can be Sensed via an engine speed sensor such as a magnetic pickup which monitors a 180-tooth wheel attached to the engine damper. A signal indicative of engine speed can be provided through a frequency-to-voltage conditioner (5 kilohertz=5 volts, for example), transmitted as a voltage to the control unit 20 where it can be digitized by an analog-to-digital converter, read into the control computer program as a digital number, and converted to engineering units. The RPM signal can be fed into a control loop 70 which compares this signal to an RPM speed setpoint. The control loop 70 can then determine an appropriate mass flow rate of fuel, depending on whether the engine is above or below the speed setpoint and output a fuel flow setpoint signal. The fuel flow setpoint signal is then compared to an instanta neous maximum fuel flow limit by comparator 72, and the lower of the two is sent to the fuel flow control loop 74.
As described above, actual airflow delivered to the engine can be calculated by routine 92 using a speed-density routine, and the main and pilot fuel flows can be measured using orifice runs 38 and 36. The actual air/fuel ratio can then be calculated by routine 90 by dividing the measured air flow by the measured fuel flow (main fuel flow plus pilot fuel flow). Air/fuel ratio is defined as the ratio of the mass of air to the mass of fuel for a given air/fuel mixture. The air/fuel ratio can be converted to an Excess Air Ratio (EAR) by dividing the air/fuel ratio by the stoichiometric airlfuel ratio. The stoichiometric air/fuel ratio is defined as the mass ratio of air to fuel where, when combustion occurs, all of the fuel and all of the air are converted to combustion products.
The stoichiometric air/fuel ratio is a function of the fuel constituents, therefore it changes with fuel molecular weight. An EAR of less than 1 indicates that there is raw, unburned fuel in the exhaust, and an EAR of greater than 1 means that there is air in the exhaust. Lean burn engines operate with an EAR of greater than 1, indicating that there is excess air (or oxygen) in the exhaust.
The control system 10 preferably controls EAR, not air/fuel ratio, primarily via the turbocharger exhaust bypass valve (wastegate) 66. Exhaust gas can bypass the turbo charger turbine 62, thus reducing the air manifold pressure. The measured EAR can be compared with an EAR setpoint, and the wastegate position is varied by the wastegate actua tor 68 until the EAR setpoint substantially equals the actual EAR.
The EAR setpoint can be set by routine 76 by utilizing RPM, engine load, jacket water temperature (water tempera ture in the radiator), air manifold temperature and fuel quality. The EAR setpoint can be determined by the best tradeoff between exhaust emissions and fuel consumption.
The EAR can also be controlled by the main fuel valve 44. In a situation in which a step load is applied, the main fuel valve 44 can supply fuel much faster than the turbocharger 50 can speed up and supply more air. In such a case, the main fuel valve 44 can be prevented from opening too much and overfueling the engine. Thus, the actual EAR of the engine can be limited so that the engine operates within safe EAR limits.
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According to an exemplary embodiment of the invention, two variables can be utilized to limit the EAR at routine 78.
First, an air/fuel ratio limit or a "rich limit," as shown in FIG. 5, can be set by the user via the control panel 22 of FIG. 8 , according to a desired limiting value of air/fuel ratio or EAR. Second, a "torque limit", also conventionally known as a "knock limit", can be set, as shown in FIG.5. The torque limit or "knock limit' serves as a limit on the amount of work that will be performed by the engine. The torque limit or knock limit for a particular engine can be conventionally determined by correlating, using the efficiency of the engine, the heating valuc of the fuel being used to the resulting amount of work or torque output by the engine, so that knocking does not occur, for example. An instantaneous torque can be computed as a product of fuel flow rate, fuel heating value, RPM and engine efficiency according to thermodynamic principles known to those of ordinary skill in the art. The torque limit thus limits the amount of work output by the engine based on the energy content of the fuel. Because it is based on the energy content of the fuel, it can be set using the molecular weight determined by the molecu lar weight sensor 30.
The rich limit and the torque limit can be used to limit the amount of fuel delivered to the engine by the main fuel valve 44. These two values can be compared at routine 78 to determine a maximum fuel flow limit which is sent to the low limit selectroutine 72. Alternatively, these two values as well as the fuel flow set point determined by engine RPM can be compared simultaneously in a single routine, with the lowest value of allowable fuel flow controlling the fuel flow delivered to the engine by the main fuel valve 44.
The ignition timing is controlled by the ignition system 82. ( See FIG. 5 .) The ignition timing setpoint is preferably communicated by the control unit 20 to the ignition system 82 via a 4-20 milliamp (ma) loop. The ignition timing setpoint can be determined by routine 84 according to EAR, engine RPM, jacket water temperature, air manifold tem perature and fuel quality. The desired ignition timing can be determined by the best tradeoff between emissions, fuel consumption, step load response and engine safety. The main fuel flow rate can be controlled by the main fuel valve 44, which is preferably an electric-pneumatic pressure regulator. The actual fuel flow can be measured as described above using an orifice run 38. The measured fuel flow can be compared to a fuel flow setpoint by routine 74, and the fuel control valve output pressure can be varied until the actual fuel flow equals the fuel flow setpoint. The fuel flow setpoint is preferably determined by the lower of the fuel flow called for by the governor control loop 70 and the instantaneous maximum fuel flow limit computed at 78 to prevent an over-fuel condition in the engine. Thus, the control system 10 controls engine speed, obtaining a set point from the governor control loop 70, and limits the EAR to a Safe operating range.
The pilot fuel flow rate can be controlled independently, also via a pilot fuel valve 46, which is preferably an electric-pneumatic pressure regulator. The actual pilot fuel rate can be measured as described above using an orifice run 36. The measured pilot fuel flow can be compared to the pilot fuel flow setpoint at 86, and the pilot fuel valve output pressure can be varied until the actual pilot fuel flow rate equals a pilot fuel flow rate setpoint.
According to an exemplary embodiment, this setpoint can be a "pilot percent'setpoint, defined as the ratio of pilot fuel flow rate to total fuel flow rate: The pilot percent setpoint can be set according to ignition timing, engine RPM, and EAR, to achieve the best tradeoff between emissions and fuel consumption. The pilot percent Setpoint can then be converted to pilot flow rate setpoint and used by the pilot flow rate control loop 86.
According to a further embodiment, the pilot fuel flow rate setpoint can be set independently of the main fuel flow rate. Independent control of the pilot fuel flow allows the air/fuel ratio in the precombustion chamber to be maintained near a desired air/fuel ratio, such as the stoichiometric air/fuel ratio, despite a changing air/fuel ratio in the main combustion chamber. In prior engines where the two ratios were the same, when the air/fuel ratio in the main combus tion chamber was rich, the same rich mixture was injected into the precombustion chamber during the compression Stroke of the engine cycle. Thus, at a time when it may have been preferable that the air/fuel ratio injected into the precombustion chamber be leaner to compensate for a rich mixture entering from the main combustion chamber, the pilot fuel controller also delivered an excessive amount of fuel. The present control system overcomes this problem by independently controlling the pilot fuel flow to deliver a desired amount of fuel to the precombustion chamber, for example an amount sufficient to maintain a stoichiometric air/fuel ratio. A stoichiometric air/fuel ratio in the precom bustion chamber allows for rapid ignition of the fuel in the precombustion chamber and the main combustion chamber.
A flow chart describing an automatic start sequence according to an exemplary embodiment of the invention is shown in FIG. 6 . During the automatic start sequence, the control system 10 can control a prelube pump, starter motor, ignition system and fuel gas supply to safely start the engine. Any trip condition which may occur during the start Sequence can immediately cause the start to be aborted.
The engine can also be started manually, according to a further embodiment, by turning on the prelube pump, starter, ignition, and gas with the control switches 96 on the control panel 22 .   FIG. 7 shows a flow chart of the engine trips and a resulting shutdown sequence according to an exemplary embodiment of the invention. The control system 10 can accommodate class A, B, and C trip shutdowns. Class A shutdowns preferably are active once armed. Class B shut downs become active after a predetermined time period after being armed. Class C shutdowns become active once armed and after toggling from a safe to an unsafe state. Trips can be indicated on the control panel 22 by a red lamp and can be registered on the data display 24 in the sequence in which they occur. The control system 10 can be configured so as to require the user to acknowledge each trip, for example by pressing an acknowledge button.
Alarm points and limits can be handled by the control System 10 in a similar manner. Alarms can be indicated on the control panel 22 by a flashing red lamp and can be registered on the data display 24 in the sequence in which they occur. The control system 10 can be configured so as to require the user to acknowledge each alarm by pressing an acknowledge button. The control system 10 can allow a user to program certain constants for controlling the engine. For example, the fol lowing user programmable constants can be set: According to an exemplary embodiment of the invention, the control system 10 can be equipped with a fuel molecular weight sensor 30 and an exhaust oxygen sensor 72, as shown 40 in FIGS. 3 and 4. The two sensors allow the control system 10 to compensate the engine control parameters so that the engine can safely run and maintain desired emission levels while utilizing a fuel having a varying molecular weight and energy content. These sensors are particularly useful, for 45 example, when the engine runs on fuel having a heating value which varies randomly more than 50 BTU/standard cubic foot. In a further embodiment, a desired molecular weight of inerts and a volume percent of inerts in the fuel can be input by the user, via the control panel 22, for example if an exhaust oxygen sensor is not included in the control 50 system 10. Also, a desired fuel molecular weight can be input by the user if a fuel molecular weight sensor is not included in the control system 10. This can be accomplished, for example, by setting the user programmable constants for both the low and high fuel molecular weight limits at the 55 desired value.
As shown by the schematic diagram of the control system in FIG. 5 , the fuel quality can be utilized in many of the control system calculations. The molecular weight of the fuel is a preferred example of a parameter representing fuel quality which can be utilized by the control system 10 to 60 improve engine performance. In engines which do not account for fuel molecular weight, when 'hot' fuel, which has a high energy content and high molecular weight, is injected into the engine, the engine immediately receives a rich air/fuel mixture because the fuel gas has a high energy 65 to volume ratio and the intake manifold pressure remains constant. This can cause several problems. For example, hot 10 fuels and rich air/fuel ratios promote engine knock, or detonation, which can cause serious mechanical failures.
Also, a rich air/fuel ratio can result in high emissions of nitrogen oxides. At a minimum, therefore, the engine's exhaust emissions will vary considerably causing the engine to be out of compliance with government emission regula t1O.S.
According to an exemplary embodiment of the invention, the control system 10 measures the fuel's molecular weight directly to solve these problems. The system can utilize a molecular weight sensor 30 which propagates a wave such as a Sound wave or ultrasonic wave through a gaseous sample of the fuel. The time period during which the wave travels the length of the passage and back can be measured to calculate the speed of the wave through the gas. This wave speed and the fuel temperature can be used to calculate the molecular weight of the fuel gas because the wave speed through a gas is a function of the gas's molecular weight and temperature according to the following equation: molecular weight=k*R*Tgas/S' where:
k=constant, specific heat ratio R=constant, universal gas constant Tgas=fuel gas temperature S=Speed of sound through fuel sample  FIG. 3 shows a diagram of a molecular weight sensor assembly 30 including a passage 31 in which a wave such as a sound wave or an ultrasonic wave can be propagated through the gaseous fuel. A sample of the fuel from the engine's main fuel line can be directed to the molecular weight sensor 30 and introduced into the passage 31 of the molecular weight sensor 30 through an orifice. The fuel can flow through the passage 31 and exits through a vent.
After the fuel has been introduced into the passage 31, a transducer 37, is activated to propagate a wave, such as a sound wave or an ultrasonic wave, through the fuel in the passage 31. The transducer 37 preferably includes a trans mitter and a receiver, such as speaker and a microphone, which transmit the wave and receive a reflection of the WaWe.
The wave propagates from the transmitter of the trans ducer 37 at a first time point to the opposite end of the passage 31 where it is reflected back to the receiver of the transducer 37 which receives the reflected wave at a second time point.
The transducer 37 may include an electronic circuit for outputting a signal indicative of the travel time of the wave between transmission by the transmitter and receipt by the receiver. For example, the transducer 37 can output a square wave having a width corresponding to the time during which the wave travels the specified distance in the passage 31.
In addition to measuring the speed of the wave, the temperature of the fuel may be measured by means such as a thermocouple 39, shown in FIG. 3 . The thermocouple 39 may be located within the passage 31 or at another location such as the main fuel line. The fuel temperature is preferably communicated to the control system by an electronic signal.
Measuring the fuel's molecular weight allows the control system 10 to measure the actual mass flow rate of fuel delivered to the engine. The mass flow rate and the measured air flow rate are used to determine the airlfuel ratio, which can be used to control the operation of an engine.
U.S. patent application Ser. No. 08/312,915 entitled "Natural Gas Molecular Weight Sensor' and filed concur rently herewith discloses a molecular weight sensor that may be used with the present invention. The subject matter of the copending application is incorporated herein by reference.
As discussed above, the control system 10 preferably controls EAR, not air/fuel ratio. This requires knowledge of the stoichiometric air/fuel ratio. The stoichiometric air/fuel ratio is determined not only by the fuel's molecular weight but also by the mass percent of inert gases in the fuel, such as carbon dioxide and nitrogen. The inerts can be accounted for in at least two ways. One method utilizes an oxygen sensor 72 (FIG. 4) to measure the amount of oxygen in the exhaust. The exhaust gas oxygen content combined with the fuel's molecular weight allows the mass percent of the inerts to be computed.
A second method utilizes the exhaust turbine inlet tem perature measure via a thermocouple 55, as shown in FIG.   4 , which preferably outputs a signal indicative of tempera ture to the control system 10. The control system 10 can monitor this temperature which can then be correlated to the mass percent of inert gasses in the fuel. As the mass percent of inerts in the fuel increases, the temperature at the exhaust turbine inlet decreases because there is less energy content in the fuel. This method can serve as a check on the oxygen SenSOr neaStrellent.
Because most fuel gas is found to have a relatively constant mass percent of inerts, the fuel's inert content can also be manually entered into the control panel 22, according to an exemplary embodiment. The molecular weight sensor 30 can then provide a molecular weight correction to account for "hot' fuel.
FIG. 8 shows an exemplary control panel 22 and data display 24, which can be provided according to a further embodiment of the invention. The control panel 22 can serve as a user interface to the engine, allowing a user to start and stop the engine by pushing an appropriate button, set an engine Speed, monitor real-time engine data, alarms and trips, and program certain engine parameters. The control panel 22 can include a key switch 94 to turn on or off the control unit 20. The control panel 22 can also include Switches 96 to turn on, turn off, and automatically control the prelube pump, starter motor, ignition, and the fuel gas. The control panel 22 can allow completely automatic starting and stopping of the engine and can include large status lights 98 displayed on the control panel 22. The data display 24 is preferably a four-line LCD display which shows the real time engine data as well as status. The user can scroll through menus to see the data. The data display 24 can be used to program control parameters such as speed setpoint, prelube time, and other user programmable constants men tioned above.
User connections to the control system 10 are preferably implemented through an eight position terminal strip on the back of the control panel 22. The connections and functions of the terminal strip can be utilized as follows: A pneumatic speed input device can be provided for the user to input a speed setpoint which is preferably set so that 0-6.5 psi=650 RPM and 12 psi=1200 RPM. The user can also use the data display 24 or a Flexnet data link to set a speed setpoint.
According to a further embodiment of the invention, a digital input module can be provided which includes a junction box with a 30-foot cable connected to the control unit 20. The user can use the digital input module to connect contact shutdowns can be displayed on the LCD data display 24. The shutdowns can be acknowledged from the control panel 22.
The control system 10 can operate as a 24-volt system. An exemplary stand-alone power supply system can include an enclosed, brushless 30-amp, gear driven alternator, a power supply module and cables. The power supply module can contain two, sealed 12-volt, 30 amp-hour batteries, fuses, Solid state relays for power switching and a battery charge regulator. The batteries can be designed to last between five and ten years. A connector port on the power supply module can be provided for charging the batteries with an external battery charger, or supplying power to a 24-volt device such as a light, or radio. The connector port can also be configured for the control system 10 to turn off and on a 24-volt device Such as a siren.
The control system according to the present invention can improve starting performance, fuel consumption, load car rying capability, speed governing performance, and exhaust emissions control for a natural gas engine. It therefore represents a significant advance in engine control for an industrial fuel injected natural gas engine.
The above-described exemplary embodiments are intended to be illustrative in all respects, rather than restric tive, of the present invention. Thus the present invention is capable of many variations in detailed implementation that can be derived from the description contained herein by a person skilled in the art. All such variations and modifica tions are considered to be within the scope and spirit of the present invention as defined by the following claims.
What is claimed is:
1. A method of controlling an internal combustion engine, said engine including a control system, means for determin ing an air flow rate and a fuel quality, and an exhaust turbine which drives an inlet air compressor, said method compris ing the steps of:
determining an air flow rate; sensing a fuel quality; computing a maximum fuel flow limit based on the air flow rate and torque limit determined by the fuel quality;
limiting an amount of fuel delivered to the engine based on the maximum fuel flow limit; directing a desired amount of exhaust gas to the exhaust turbine to supply a desired air flow rate to the engine. 2. The method of claim 1, further comprising the step of independently controlling a main fuel flow rate and a pilot fuel flow rate.
3. The method of claim 2, further comprising the steps of: controlling the pilot fuel flow rate so as to deliver an air/fuel mixture having substantially a stoichiometric air/fuel ratio; and controlling the main fuel flow rate so as not to exceed the maximum fuel flow limit.
4. The method of claim 1, wherein the fuel quality is sensed by sensing the molecular weight of the fuel. 5. The method of claim 4, wherein the molecular weight of the fuel is sensed by measuring the speed at which a wave propagates through a gaseous sample of the fuel. ck k k <
